receptor antagonist-deficient (IL-1Ra -/-) mice spontaneously develop autoimmune arthritis. We demonstrate here that T cells are required for the induction of arthritis; T celldeficient IL-1Ra -/-mice did not develop arthritis, and transfer of IL-1Ra -/-T cells induced arthritis in nu/nu mice. Development of arthritis was also markedly suppressed by TNF-a deficiency. We found that TNF-a induced OX40 expression on T cells and blocking the interaction between either CD40 and its ligand or OX40 and its ligand suppressed development of arthritis. These findings suggest that IL-1 receptor antagonist deficiency in T cells disrupts homeostasis of the immune system and that TNF-a plays an important role in activating T cells through induction of OX40.
Introduction
RA is a systemic, chronic, inflammatory disorder exhibited most commonly in the joints. Although various factors including genetic factors, environmental factors, and infectious agents have been suggested as causes of the disease (1), so far the etiology and pathogenesis have not been completely elucidated. Patients often produce autoantibodies against various self components such as IgGs, type II collagen, and nuclear antigens, suggesting an autoimmune nature of the disease (2) . Many proinflammatory cytokines, including IL-1 and TNF-α, chemokines, and growth factors, are expressed in diseased joints, forming a complex cytokine network. It is widely believed that dysregulation of the cytokine network contributes to the pathogenesis of RA (3) .
IL-1 is a prototype proinflammatory cytokine and is produced by various types of cells, including monocytes/macrophages, lymphocytes, and synovial lining cells (4) . Since IL-1 induces inflammation, promotes synovial cell growth, and promotes differentiation of osteoclasts, an important role for this cytokine in the development of RA has been suggested (1, 5) . IL-1 receptor antagonist (IL-1Ra) is an endogenous inhibitor of IL-1. IL-1Ra production is induced by a number of other cytokines, viral products, and acute-phase proteins and is augmented in patients with autoimmune and inflammatory diseases, suggesting that IL-1Ra may play regulatory roles in these diseases (6) . TNF-α is also thought to be importantly involved in the inflammation and bone destruction in RA. TNF-α is produced mainly by monocytes/macrophages, which are activated by soluble components of bacteria and by direct contact with activated T cells at inflammatory sites. The production of IL-1 is coordinated with that of TNF-α, and they mutually stimulate each other's production. Overproduction of these cytokines by gene manipulation has been found to predispose the organism to inflammatory arthritis (7) (8) (9) (10) .
Cumulative evidence suggests that T cell-mediated autoimmune responses play a crucial role in the pathogenesis of RA. In fact, it has been demonstrated that T cells from RA patients can cause inflammatory arthritis in SCID mice (11) . T cells that invade tissues and cause autoimmune destruction express activation antigens that are not expressed on normal resting T cells. These activation antigens include the IL-2 receptor α (CD25), CD69, CD44, CD40 ligand (CD40L; also known as CD154), and OX40 (also known as CD134) (12) CD40L on T cells and its receptor on APCs, as well as OX40 on T cells and its ligand (OX40L) on APCs, generate costimulatory signals that enhance T cell proliferation and cytokine production. Indeed, the expression of OX40 on T cells in rheumatoid synovial tissues is quite pronounced in some patients (12) , and blocking either CD40L or OX40L in vivo reduces the severity of collagen-induced arthritis (CIA), experimental allergic encephalomyelitis, and inflammatory bowel disease in animal models of these diseases (13, 14) . However, the molecular mechanisms for the induction of these costimulatory molecules in RA are not fully understood. We previously reported that IL-1 plays an important role in enhancing T cell-APC interactions through induction of CD40L and OX40 on T cells (15) . Thus, excess IL-1 signaling may activate these pathways, leading to the development of T cell-mediated autoimmune diseases.
We previously reported that IL-1Ra -/-mice on the BALB/c background spontaneously develop chronic inflammatory arthropathy (9) . Histopathology showed marked synovial and periarticular inflammation, with articular erosion caused by invasion of granulation tissues closely resembling that of RA in humans. Moreover, elevated levels of antibodies against immunoglobulins (rheumatoid factor [RF]), type II collagen, and double-stranded DNA were detected in sera of these mice, consistent with the development of autoimmunity. Proinflammatory cytokines such as IL-1β, IL-6, and TNF-α were overexpressed in the joints, indicating regulatory roles of IL-1Ra in the cytokine network. These data therefore suggested that IL-1Ra is crucial for the homeostasis of the immune system. It is not known, however, which cells in the immune system are crucial for the regulation of IL-1 and its actions, or furthermore, which cytokines are involved in the pathogenesis of arthritis in this model.
In this study, to elucidate the pathogenesis of the autoimmune arthritis in IL-1Ra -/-mice, we assessed the role of T cells in the development of arthritis by transferring T cells from IL-1Ra -/-mice to nu/nu mice and by intercrossing IL-1Ra -/-mice with T cell-deficient mice. We show that IL-1Ra -/-deficiency in T cells is enough for the development of arthritis. Furthermore, we analyzed the role of TNF-α in this model by producing TNF-α -/-IL-1Ra -/-mice, and we were able to demonstrate that TNF-α is crucial for the development of arthritis, as it induces OX40 on T cells. Treatment with anti-CD40L or anti-OX40L Ab suppressed disease, demonstrating the importance of CD40-CD40L and OX40-OX40L interactions for the development of autoimmune arthritis.
Results

Development of arthritis is suppressed in T cell-and B cell-deficient
IL-1Ra -/-mice. IL-1Ra -/-mice on the BALB/c background spontaneously developed chronic inflammatory arthritis. Since high levels of RF, antibody to type II collagen, and antibody to doublestranded DNA are observed in IL-1Ra -/-mice, we hypothesized that there could be an autoimmune mechanism for the pathogenesis. To address this question, we evaluated the contribution of T cells and/or B cells to the development of arthritis in IL-1Ra -/-mice by intercrossing them with scid/scid mice on the BALB/c background. While IL-1Ra -/-scid/+ or IL-1Ra -/-+/+ mice showed a high incidence of arthritis, IL-1Ra -/-scid/scid mice failed to develop arthritis by 20 weeks of age (Table 1) . These results suggest that combined deficiency of T and B cells completely suppresses the development of arthritis in IL-1Ra -/-mice.
Peripheral T cells from IL-1Ra -/-mice induced arthritis. We next examined the contribution of the specific cell types of the immune system to the development of arthritis by cell transfer experiments. When total splenocytes from IL-1Ra -/-mice were transferred into nu/nu mice on the BALB/c background, these mice developed severe arthritis as early as 3 weeks after the cell transfer ( Figure 1, A  and B) . On the other hand, when T cell-depleted splenocytes were transferred into nu/nu mice, these mice did not develop arthritis at all. These results strongly suggest that T cells are involved in the development of arthritis. We further examined the effects of transplantation of purified T cells in the periphery. When T cells from spleens and LNs were transferred into nu/nu mice, they developed severe arthritis as early as 2 weeks after transfer ( Figure 1 , C and D). The disease status of the donor mice influenced these results; T cells from arthritic mice were more efficient than those from nonarthritic mice in inducing arthritis in recipient mice ( Figure 1C ). However, cells from both arthritic and nonarthritic mice could induce the disease. Histological analyses revealed that arthritis was observed in both ankle and knee joints of IL-1Ra -/-T cell-transferred nu/nu mice ( Figure 1 , F-H and data not shown). Proliferation of synovial cells, infiltration of neutrophils and lymphocytes, and bone destruction were remarkable in both ankle and knee joints (Figure 1 , E-H and data not shown). Serum IgG levels and RF levels were enhanced in IL-1Ra -/-T cell-transferred nu/nu mice compared with WT T cell-transferred mice, although the difference in RF levels was not statistically significant ( Figure 1I ). We also performed thymocyte transfer experiments to examine whether or not activation of IL-1Ra -/-T cells before transplantation is necessary, and we found that thymocytes from IL-1Ra -/-mice induced arthritis in nu/nu mice, but with lower frequency than that seen in mice transferred with splenocytes or purified T cells (IL-1Ra -/-thymocyte-transferred mice, 46%; WT thymocyte-transferred mice, 0% at 15 weeks). These results clearly indicate that T cells are required for the development of arthritis in IL-1Ra -/-mice, and suggest that IL-1Ra -/-T cells can enhance immune responses against self components.
BM-derived cells from IL-1Ra
-/-mice induced arthritis in normal mice and those from normal mice suppressed the development of arthritis in IL-1Ra -/-mice. To examine whether abnormal T cell education or a stem cell disorder is responsible for the T cell abnormality seen in IL-1Ra -/-mice, we next reconstituted the immune system by BM cell transfers. BM cells were prepared from IL-1Ra -/-mice by treating these cells with anti-Thy-1.2 Ab to deplete T cells, and then they were transferred into the recipient mice that were lethally irradiated. Mice that received BM cells did not die, whereas those that did not receive BM cells died within 2 weeks. We observed the development of arthritis as early as 2 weeks after the transfer of 4-week-old IL-1Ra -/-BM cells to nonarthritic IL-1Ra -/-mice, which would normally develop arthritis at 5-8 weeks of age ( Figure 2A ). Arthritis was also observed in WT mice receiving IL-1Ra -/-BM cells. These mice developed arthritis, however, more than 3 months after the transfer, indicating that the genotype of recipient mice (WT or IL-1Ra-deficient) affects the incidence and severity of arthritis ( Figure 2 , A and B). Replacement of the recipient BM cells by the donor cells was confirmed by Southern blot analyses at the end of the experiments. Cells from lymphoid tissues such as the spleen and LNs consisted mainly of the donor cells, while those from joints showed both donor and recipient genotypes (data not shown), suggesting that only BM-derived cells were replaced in the joints (16) . Histological analysis of the ankle joints showed synovial and periarticular inflammation with articular erosion in both WT and IL-1Ra -/-mice that received IL-1Ra -/-BM cells ( Figure 2 , E and F). We observed proliferation of synovial lining cells and invasion of inflammatory cells, includ- Table 2 Increased cytokine secretion by CD4 + T cells from IL-1Ra -/-mice ing lymphocytes and neutrophils (Figure 2 , E-G). Bone erosion and pannus formation were also remarkable ( Figure 2H ). To examine whether normal stem cells can suppress the development of arthritis in IL-1Ra -/-mice, we prepared BM cells from WT mice and transferred them into irradiated nonarthritic or arthritic IL-1Ra -/-mice. Development of arthritis was suppressed in nonarthritic IL-1Ra -/-mice that received normal BM cells ( Figure 2 , C and D). Arthritis was also ameliorated in arthritic IL-1Ra -/-mice that received normal BM cells (Figure 2, C and D) . At 31 weeks after transfer of BM cells, joint pathology was examined histologically. Nonarthritic IL-1Ra -/-mice that received normal BM cells showed no sign of arthritis ( Figure 2I ). Moreover, arthritic IL-1Ra -/-mice that received normal BM cells showed complete recovery from arthritis ( Figure 2J ). Thus, replacement of the BM-derived cells in IL-1Ra -/-mice with those of normal mice can suppress and actually reverse the development of arthritis in IL-1Ra -/-mice. These results indicate that BM-derived cells themselves are abnormal in IL-1Ra -/-mice.
Enhanced cytokine production from activated T cells in IL-1Ra -/-mice.
Since our results suggested abnormal T cell function in IL-1Ra -/-mice, we next analyzed T cell proliferation and cytokine production upon TCR stimulation. Proliferative responses of T cells from IL-1Ra -/-mice stimulated with anti-CD3 mAb were normal (data not shown). However, these T cells produced much higher levels of IFN-γ, IL-4, and TNF-α in the culture supernatant than did those from WT mice ( Table 2) . These results suggest that IL-1Ra -/-T cells produce higher levels of cytokines upon TCR stimulation.
We also examined IL-1Ra expression in normal WT T cells by RT-PCR, ELISA, and intracellular staining. Unstimulated T cells expressed low levels of IL-1Ra mRNA, but upon stimulation through TCR, IL-1Ra mRNA expression was upregulated ( Figure 3A) . We also observed secretion of the IL-1Ra protein in the culture supernatant of WT purified CD4 + T cells (>99% purity) after anti-CD3 mAb stimulation (20-40 pg/ml at 72-96 hours), indicating that T cells can produce and secrete the IL-1Ra protein. To confirm the IL-1Ra protein production from T cells directly, we stained stimulated CD4 + T cells intracellularly with anti-IL-1Ra Ab. As a control experiment for the staining, we first stained peritoneal exudate cells (PECs) from WT or IL-1Ra -/-mice stimulated with or without LPS, and showed that the staining specifically detected IL-1Ra after the stimulation ( Figure 3B ). Then, purified CD4 + T cells from BALB/c WT mice were stimulated with plate-coated anti-CD3 mAb and stained for the intracellular IL-1Ra protein. As shown in Figure 3C , CD4 + T cells can produce IL-1Ra protein after TCR stimulation. These IL-1Ra-producing cells were different from those which produce IFN-γ, IL-4, or IL-10 under these conditions (data not shown). These results indicate that IL-1Ra is produced by T cells and may regulate T cell activation by IL-1. 
Identification of cells in the joints and cellular cytokine production.
To further analyze the roles of cytokines overexpressed in IL-1Ra -/-T cells, we examined the local subsets of lymphocytes and their cytokine production in the joints. The ankle joints were dissected, and cytokine production in the joint cells was examined by intracellular staining. The total cell number in the ankle joints was increased 2-fold in IL-1Ra -/-mice (7.1 × 10 6 cells per mouse, n = 10) compared to WT mice (3.7 × 10 6 cells per mouse, n = 10), suggesting infiltration of inflammatory cells. Thus, although the proportion of T cells was not dramatically increased ( Figure 3D) , the total T cell numbers in the joints of IL-1Ra -/-mice were greater than in WT mice. In the T lymphocyte subsets, CD4 + cells were detected more frequently than CD8 + cells, consistent with our previous observations (17) . We also observed increased infiltration of CD11b + Gr-1 + cells, most likely activated neutrophils, in the arthritic joints of IL-1Ra -/-mice ( Figure 3D) .
Cells from the ankle joints were stimulated with PMA and ionomycin to examine the ability to produce cytokines such as TNF-α, IFN-γ, and IL-4. As shown in Figure 3E , most of the IL-1Ra -/-CD11b + cells produced TNF-α. Some of CD4 + T cells in the joints were also TNF-α-producing cells. Moreover, many more of these cells were found in the IL-1Ra -/-joints, suggesting that the infiltrating CD4 + T cells in arthritic joints may produce more TNF-α and enhance inflammation. Only a small percentage of cells in the joints produced IFN-γ or IL-4 in either WT mice or IL-1Ra -/-mice.
Suppression of arthritis in TNF-α-deficient IL-1Ra -/-mice. We previously reported that high levels of inflammatory cytokines, including TNF-α, were detected in the joints of IL-1Ra -/-mice (9) . We also observed TNF-α-producing cells in the ankle joints of these mice ( Figure 3E ). Furthermore, we detected high levels of TNF-α in the culture of IL-1Ra -/-T cells (Table 2) . To elucidate the role of TNF-α in the development of arthritis in IL-1Ra -/-mice, we generated TNF-α and IL-1Ra double-deficient mice by crossing IL-1Ra -/-mice with TNF-α -/-mice.
As shown in Figure 4 , A and B, homozygous TNF-α deficiency strongly suppressed development of arthritis in IL-1Ra -/-mice. An intermediate, but significant, suppression was observed in mice heterozygous for the TNF-α gene, suggesting a TNF-α gene dosage effect on the incidence and severity of arthritis. Histological analyses revealed that TNF-α -/-IL-1Ra -/-mice that appeared normal also showed normal joint histology, but those with swollen joints showed arthritic pathology of inflammation and bone destruction similar to that seen in IL-1Ra -/-mice (data not shown). These results suggest that TNF-α plays critical roles in the development of arthritis in IL-1Ra -/-mice.
However, since the TNF-α gene is located in the MHC locus and mice deficient for this gene were produced on the 129 background (H-2 b ), TNF-α -/-mice backcrossed to the BALB/c strain (H-2 d ) for 8 generations still had the same H-2 locus as the 129 mice. To examine the contribution of the MHC locus in the development of arthritis in IL-1Ra -/-mice, IL-1Ra -/-mice were crossed with the BALB.B congenic for the C57BL/6 H-2 locus (H-2 b ) or the B10.D2/ n congenic for the BALB/c H-2 locus. The results clearly argued that MHC differences were not responsible for the suppression of arthritis in TNF-α -/-mice (data not shown).
To further analyze the role of TNF-α in the development of arthritis in IL-1Ra -/-mice, we examined the effects of TNF-α deficiency in BM cell transfer experiments. BM cells from TNF-α -/-IL-1Ra -/-mice did not induce arthritis in WT mice up to 30 weeks after transfer, while BM cells from IL-1Ra -/-mice induced arthritis in WT mice starting after 8 to 12 weeks (Figures 2A and 4C ). On the other hand, TNF-α -/-IL-1Ra -/-BM cells transferred into IL-1Ra -/-mice induced arthritis, and IL-1Ra -/-BM cells transferred into TNF-α -/-IL-1Ra -/-mice also induced arthritis (Figure 4, C and D) . These results suggest that TNF-α produced by both BM-derived cells and non-BMderived cells plays an important role in the development of arthritis in IL-1Ra -/-mice. Since TNF-α is crucial for the development of arthritis in this model, these results suggest that TNF-α can be produced in the IL-1Ra -/-recipient mice from relatively γ-ray-resistant cells such as macrophages or type A synovial cells.
TNF-α induced expression of OX40, but not CD40L, on T cells.
We recently showed that IL-1 produced by APCs induces CD40L and OX40 expression on T cells (15) . It has also been reported that ligation between CD40 on APCs and CD40L on T cells leads to TNF-α production from APCs (13). Here we examined the possible involvement of TNF-α in the induction of CD40L and OX40 on T cells. When CD4 + T cells from WT mice were stimulated with varying concentrations of TNF-α (1-100 ng/ml) together with plate-coated anti-CD3 mAb (0-1 μg/ml), the higher concentrations of TNF-α upregulated OX40 expression ( Figure 5A ), but not CD40L expression, on T cells ( Figure 5B ). These results suggest that TNF-α may contribute to the development of arthritis in IL-1Ra -/-mice through the induction of OX40 expression on T cells. However, at the highest concentration of anti-CD3 mAb (1 μg/ml), maximal expression of OX40 could occur independent of TNF-α (data not shown).
Involvement of CD40-CD40L and/or OX40-OX40L pathways in the development of arthritis. To explore the contribution of CD40-CD40L and OX40-OX40L pathways to the pathogenesis of arthritis, we injected blocking Abs for these molecules into IL-1Ra -/-mice. Abs for either CD40L or OX40L were injected into IL-1Ra -/-mice for 6 weeks, starting from before onset of the disease, and incidence of arthritis was monitored during the administration period. As shown in Figure 6 , Abs for both CD40L and OX40L were able to partially suppress development of arthritis in IL-1Ra -/-mice. The incidence of arthritis was lower in mice treated with anti-CD40L Ab than in those treated with control Ab (hamster IgG) ( Figure  6A ). The induction of arthritis was delayed in mice treated with anti-OX40L Ab, and the incidence of arthritis after 6 weeks was lower than in mice treated with control Ab (rat IgG) ( Figure 6C ). However, once arthritis was induced, antibody treatment was ineffective. The severity score of affected mice was similar in anti-OX40L-treated mice and control Ab-treated mice, and severity was actually exacerbated in mice treated with anti-CD40L Ab (Figure 6, B and D) . Thus, these results suggest that both the CD40-CD40L and OX40-OX40L pathways are involved in development of arthritis in IL-1Ra -/-mice.
Discussion
In this study, we have shown that the development of arthritis in IL-1Ra -/-mice is completely suppressed in scid/scid mice and that IL-1Ra -/-T cell transfers induce arthritis in nu/nu mice, suggesting a crucial role of T cells in the pathogenesis of arthritis in this model (Table 1 and Figure 1 ). T cells from arthritic IL-1Ra -/-mice induced arthritis more efficiently than those from nonarthritic mice, suggesting that arthritogenic-activated and/or memory T cells are generated in IL-1Ra -/-mice and involved in the development of arthritis. However, cells from both arthritic and nonarthritic IL-1Ra -/-mice were able to induce arthritis, supporting a T cell intrinsic defect. Interestingly, donor T cells from IL-1Ra -/-mice are not necessarily primed by autoantigens, because naive T cells from thymus could induce arthritis, although this took longer than with peripheral T cells that may have been preactivated. With regard to this, we have previously shown that IL-1 from APCs can activate T cells through the induction of CD40L and OX40 on T cells (15) , and in the absence of IL-1Ra, even physiological levels of IL-1 activate T cells excessively, resulting in the development of autoimmunity (9) . Our present data suggest that T cell-derived IL-1Ra also regulates T cell activity in an autocrine manner, although IL-1Ra is known to be produced by many other types of cells, including monocytes and macrophages in the synovial lining layer. In support of this notion, IL-1Ra mRNA expression was observed in unstimulated T cells at low levels but stronger expression was induced in activated T cells ( Figure 3A) . Thus, naive IL-1Ra -/-T cells transferred into nu/nu mice may be activated excessively by the endogenous physiological levels of IL-1 which are constitutively expressed in the joints (9), thereby becoming reactive against synovial components.
We showed that transplantation of IL-1Ra -/-BM cells induced arthritis in WT mice, and conversely, introduction of WT BM cells into IL-1Ra -/-mice completely suppressed the disease, indicating that BM cells and their derivatives are abnormal in IL-1Ra -/-mice ( Figure 2 ). Since T cell progenitors are derived from BM cells, these observations are consistent with the notion that T cell dysfunction contributes to the development of autoimmunity. It should be noted, however, that WT mice that received IL-1Ra -/-BM cells took longer to develop arthritis than did nonarthritic IL-1Ra -/-mice that received the same BM cells. Thus, not only the donor BM cells, but also the recipient milieu, seems to be involved in the development of arthritis, suggesting that IL-1Ra from relatively radiation-resistant cells also plays a role. Since the time required for developing arthritis in WT mice that receive IL-1Ra -/-BM cells (3-4 months) is long enough to replace all the BM-derived cells in the recipient mice including the macrophages and type A synovial lining cells in the joint with donor type cells (16) , this observation suggests that these late replacing components are involved in the development of arthritis. The observation that it took more than 16 weeks for arthritic IL-1Ra -/-mice that received normal BM cells to recover from the disease also supports this idea.
Figure 6
Anti-CD40L or anti-OX40L Ab treatment of IL-1Ra -/-mice. Blocking Abs against either CD40L or OX40L were administrated to IL-1Ra -/-mice before the onset of arthritis. Ab treatment was continued twice a week for 6 weeks, and incidence of arthritis was We have shown that the development of arthritis is completely suppressed in TNF-α -/-mice, indicating a crucial role for TNF-α in the pathogenesis of RA (Figure 4) . In this context, a dominant role of TNF-α in the pathogenesis of RA has been demonstrated by recent clinical trials using anti-TNF-α Ab and studies in the mouse using the CIA model (3, 18, 19) . It was also reported that transgenic mice carrying the TNF-α gene or mice deficient for the TNF-α AU-rich element (TNF ΔARE ), which produce higher amounts of the TNF-α protein, develop arthritis spontaneously (7, 8) . However, since TNF ΔARE mice develop arthritis even in the absence of mature lymphocytes (8) , cells in the innate immune system such as neutrophils, macrophages, and mast cells, rather than the T cell-dependent immune system, have been suggested to be involved in the pathogenesis of this arthritis. Likewise, it has also been reported that inflammatory cytokines such as IL-1 and TNF-α, but not IL-6, play critical roles in the effector phase of the disease in the K/BxN model, in which arthritis can be induced by serum transfer (20) . The effect of TNF-α deficiency, however, was not as strong in the CIA and K/BxN models compared to that seen in the IL-1Ra -/-mice. Thus, the IL-1Ra -/-mouse is one of the most sensitive models to the effects of TNF-α.
Cell transfers showed that TNF-α -/-IL-1Ra -/-BM cells could not induce arthritis in WT recipient mice, indicating that BM-derived cells are responsible for the production of TNF-α that is crucial for the development of arthritis. Nonetheless, it is interesting that TNF-α -/-IL-1Ra -/-BM cells could induce arthritis in IL-1Ra -/-recipient mice but not in WT recipient mice. With regard to this, TNF-α expression is augmented in IL-1Ra -/-mouse joints and this TNF-α may compensate for the deficiency in BM-derived cells. It is known that T cells are sensitive to irradiation and synovial lining cells are relatively resistant to irradiation, but some of the synovial lining cells such as the type A cells are of BM origin and are eventually replaced by donor cells after BM cell transplantation. Our results suggest that TNF-α is produced by these synovial lining cells in recipient IL-1Ra -/-mice ( Figure 3E ). This TNF-α may contribute to the arthritogenic milieu observed in IL-1Ra -/-mice in the IL-1Ra -/-BM cell transfer experiments. Although some CD4 + T cell populations produce TNF-α, it is unlikely that TNF-α produced by these cells is the only source of TNF-α involved in the pathogenesis because, if that were true, TNF-α -/-IL-1Ra -/-BM cells would not have induced arthritis even in IL-1Ra -/-recipient mice. However, since activated IL-1Ra -/-T cells produce high amounts of TNF-α (Table 2 and Figure 3E ), it seems likely that T cell-derived TNF-α also contributes to the development of arthritis. Transfer of TNF-α -/-IL-1Ra -/-T cells into nu/nu mice will help evaluate this possibility, although we were not able to address this question because of the difference in the MHC locus between the TNF-α -/-and nu/nu mice.
We previously showed that IL-1 plays an important role in enhancing T cell-APC interactions by inducing CD40L and OX40 on T cells, and CD40L and OX40 expression were enhanced in T cells stimulated with antigen-bearing IL-1Ra -/-APCs compared to WT APCs (15) . It is known that ligation of CD40 on APCs with CD40L induces OX40L expression and TNF-α production by APCs (13, 14) . Here, we have shown that TNF-α induces OX40 expression on T cells ( Figure 5A) . Thus, the mechanism for T cell activation by IL-1 is proposed as follows. Upon interaction with antigens, APCs produce IL-1, and IL-1 activates T cells, resulting in the induction of CD40L. Then, the CD40L-CD40 interaction activates APCs to produce TNF-α. This TNF-α induces OX40 on T cells, leading to enhancement of cytokine production and activation of B cells.
IL-17 plays important roles in inflammatory diseases such as arthritis, contact hypersensitivity, asthma, and delayed-type hypersensitivity (21) (22) (23) . It was recently reported that a minor subpopulation of activated CD4 + T cells produces both TNF-α and IL-17 (24) and acts in synergy or additively with TNF-α and IL-1 by enhancing their production and action (25) . We recently found that IL-17 production from IL-1Ra -/-T cells was induced by OX40 activation, and that IL-17-deficiency completely suppressed development of arthritis in IL-1Ra -/-mice (17). Thus, it is possible that increased OX40 expression on T cells by TNF-α may induce production of IL-17, resulting in exacerbated inflammation.
We show here that blocking CD40-CD40L and OX40-OX40L interactions inhibited the development of arthritis in IL-1Ra -/-mice ( Figure 6 ). These results suggest that blocking molecules downstream of IL-1 and TNF-α in T cell activation may be effective to inhibit development of arthritis in IL-1Ra -/-mice. However, our results showed that once arthritis started, treatment with antibody to CD40L actually exacerbated the progression of the disease ( Figure 6B ). It was recently reported that activation of CD40-expressing cells has a beneficial effect on the treatment of chronic CIA (26), indicating that not only inhibition of CD40-CD40L interactions, but also CD40 ligation, can be used to reduce the autoimmune inflammatory response. Consistent with this observation, an aggressive form of polyarthritis was described in a patient with a point mutation in the CD40L gene (27) . Thus, the CD40-CD40L system may play dual functions in the development of arthritis, and blocking the CD40-CD40L interaction by antibody treatment may also prevent beneficial effects of CD40 expression, resulting in exacerbated inflammation in IL-1Ra -/-mice after onset of the disease.
In summary, we have found a novel T cell regulatory mechanism in which IL-1Ra produced by T cells acts on T cells in an autocrine manner. We also showed that IL-1-induced TNF-α is crucial for the development of arthritis in IL-1Ra -/-mice and that this TNF-α induces OX40 on T cells. Furthermore, we showed that inhibition of either TNF-α or OX40 function is effective to suppress the development of arthritis, providing a clue for the development of new therapies for RA.
Methods
Mice. IL-1Ra -/-mice were produced as described (28) . TNF-α -/-mice were kindly provided from K. Sekikawa (National Institute of Agrobiological Sciences, Tsukuba, Japan). These mice were backcrossed to the BALB/c strain mice for 8 generations. BALB/c mice, BALB/c-nu/nu mice, and BALB/cscid/scid mice were purchased from Clea. B10.D2/n (C57BL/6 congenic) mice were purchased from Japan SLC Inc. BALB.B (BALB/c congenic) mice were provided by T. Shiroishi (National Institute of Genetics, Mishima, Japan). Age-and gender-matched mice were used in each experiment. Mice were kept under specific pathogen-free conditions in an environmentally controlled clean room at the Center for Experimental Medicine, Institute of Medical Science, University of Tokyo, Japan. The animal experiments were approved by the Committee for Animal Experiments of the Institute of Medical Science, University of Tokyo. Gene manipulation experiments were carried out according to the law for such experiments.
Thymocyte, splenocyte, and T cell preparation and transfer. Donor mice for splenocyte or arthritic T cell transfer were between 8 and 12 weeks old, and those for nonarthritic T cell transfer were between 4 and 5 weeks old. Cells were prepared from spleen, thymus, and LNs (axillary, inguinal, branchial, cervical, and popliteal) as described previously (15) . For T cell purification, spleen and LN cells were washed and passed through a nylon wool column, treated with anti-mouse B220 and Mac-1 magnetic beads and passed through a MACS column (Miltenyi Biotec). Purified CD3 + T cells were less than 92% CD3 + . Prepared cells were resuspended in 0.2 ml PBS and i.v. transferred into BALB/c-nu/nu mice. Numbers of transferred cells per mouse were 10 8 cells for thymocyte transfers, 4 × 10 7 cells for total splenocyte transfers, and 2 × 10 7 cells for T cell-depleted splenocyte and T cell transfers.
Incidence of arthritis and the severity score were judged macroscopically and histologically as described previously (9) . Briefly, the severity score was judged by eye: grade 0 = normal, grade 1 = light swelling of the joint and/or redness of the footpad, grade 2 = obvious swelling of the joint, and grade 3 = severe swelling and fixation of the joint. The severity score was calculated for all 4 limbs, giving a maximal score of 12 points for one mouse.
BM cell preparation and transfer. Donor mice were between 4 and 8 weeks old. BM cells from femurs, tibiae, and pelves were treated with a hemolysis buffer (17 mM Tris-HCl and 140 mM NH4Cl, pH7.2) to remove red blood cells. T cells were removed by treating with anti-mouse Thy1.2 magnetic beads and then passed through a MACS column. T cell-depleted and purified BM cells (10 7 cells) in 0.2 ml PBS were i.v. transferred into lethally irradiated (750 rad) recipient mice.
T cell activation, cytokine ELISA, and RT-PCR. CD4 + T cells were purified as described (15) . Purified T cells (2 × 10 5 cells) were plated on a 96-well plate coated with 1 or 10 μg/ml of anti-mouse CD3 mAb (145-2C11; BD Biosciences -Pharmingen) in a final volume of 200 μl RPMI1640 plus 10% FCS and cultured for 48 hours. Culture supernatant was then collected and cell proliferation was measured by incorporation of [ 3 H] thymidine (Amersham Biosciences) (15) . IFN-γ, IL-4, and TNF-α levels in culture were measured by ELISA as described previously (22, 29) . For the IL-1Ra ELISA, polyclonal goat anti-mouse IL-1Ra (1 μg/ml, R&D Systems Inc.) and polyclonal biotinylated goat anti-mouse IL-1Ra (2 μg/ml, R&D Systems Inc.) Abs were used as capture and detection Abs, respectively. Streptavidin-AP (SouthernBiotech) and substrate (Sigma-Aldrich) were used for detection. Recombinant mouse IL-1Ra (R&D Systems Inc.) was used as a standard. The detection limit was 3.9 pg/ml. Total RNAs were isolated from BALB/c T cells or T cell-depleted splenocytes using Trizol reagent (Invitrogen Corp.). RNAs were denatured in the presence of oligo (dT)12-18 primer and then reverse transcribed using SuperScript (Invitrogen) at 42°C for 1 hour. PCR was performed for 30 cycles that was within log-phase amplification stages for the PCR products. The primer sequences were as follows: IL-1Ra forward primer, 5′-GACCCTGCAAGATGCAAGCC-3′; IL-1Ra reverse primer, 5′-GAGCGGAT-GAAGGTAAAGCG-3′; β2m forward primer, 5′-TGACCGGCTTGTATGC-TATC-3′; β2m reverse primer, 5′-CAGTGTGAGCCAGGATATAG-3′. These IL-1Ra primers detect both secreted and intracellular forms of IL-1Ra.
Intracellular staining of cytokines. For the intracellular staining for IL-1Ra, PECs, or CD4 + , T cells were prepared from BALB/c or IL-1Ra -/-mice. PECs were stimulated with LPS (5 μg/ml) for 3 hours, followed by LPS stimulation with 2 μM monensin for 12 hours, then cells were suspended in a staining buffer (PBS containing 2% FCS and 0.01% sodium azide). After blocking with anti-FcγRII/III receptor mAb (BD Biosciences -Pharmingen), cells were treated with FITC-anti-CD11b mAb (BD Biosciences -Pharmingen). Splenocytes were stimulated with soluble anti-CD3 mAb (1 μg/ml), and purified CD4 + T cells were stimulated with plate-coated anti-CD3 mAb (1 μg/ml) for 72 hours, and the GolgiPlug (BD Biosciences -Pharmingen) was added for the final 6 hours of stimulation. Cells were treated with anti-FcγRII/III receptor mAb and stained with cychrome-anti-CD4 mAb (BD Biosciences -Pharmingen). These cells were then fixed with PBS containing 4% paraformaldehyde for 20 minutes. After washing with a permeabilization buffer (PBS con-
